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Abstract 
Marine biopolymer κ-carrageenan-pullulan composite membrane was successfully prepared. Novel function of 
polysaccharides (κ-carrageenan (κC) and pullulan (P)) in membrane formation and molecular size screening effect 
was successfully demonstrated. The mass fraction of κ-carrageenan (FC) was a key factor to determine membrane 
character not only on mechanical strength but also on selected molecular mass transfer. It was defined as the 
following equation: FC ≡ (κC[g]/(P[g] + κC[g])) and changed in desired range (0.33~0.83). The optimum condition 
was 70mM glutaraldehyde for crosslinking and followed the 0.7M potassium chloride-immersion. The water content 
was measured and linearly depended on FC. The water permeability of composite membrane was determined from the 
water mass flux throughput by an ultra-filtration apparatus. The effect of the FC value on the water flux and water 
content was investigated. The correlation between the mass fraction of κ-carrageenan (FC) and the volumetric water 
flux at 0.15MPa appeared the strong dependency on the FC values. It suggested that a higher permeation mechanism 
of water results from higher water content in the composite membrane. Five anionic organic chemicals of molecular 
weights ranging from 327 to 1017Da were used in mass transfer examination through the composite membrane. 
Outstanding molecular size recognition based on the effective diffusion coefficient was appeared. The membrane 
molecular weight cut-off was established experimentally.  
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1. Introduction 
 In recent years, the desire for bio-polymeric materials, which demonstrate in high-degreed 
applications, has grown significantly. Use of biopolymer in place of artificial polymers has been 
increasing and due to stringent environment regulations [1]. The development of the new-generation 
materials that extend the industrial applications of membrane processes will require a high level of control 
of the characteristics of the base polymeric support layer [2]. Current research in membrane science is 
now focusing more on the biopolymers which from natural raw material with well-defined structure to 
develop new membrane materials [3]. Additionally, biopolymers can be sustainable, carbon neutral and 
are always renewable, because of they are made from sea/land plant materials, which can be grown year 
on year indefinitely. The novel biopolymer membranes allow separations based on Fick’s diffusion law 
and other driving forces like charge and physical/chemical interactions, and with appropriate functional 
groups can provide applications ranging from tunable water permeation and separations, toxic metal 
capture, toxic organic dechlorination, biocatalysis, and others [4-5]. 
  Biopolymers as stabilizers, thickeners and gelling agents were extracted from various raw materials. 
They regulate a number of critical functions including moisture binding and control, structure and flow 
behavior that enables organism to thrive in a nature environment [6]. A number of the typical 
biopolymers from natural raw materials such as alginate, cellulose, chin/chitosan, and other synthetic 
polymers use for functional materials (e.g., carriers for controlled drug release, membrane with regulated 
permeability, and sensor devices, artificial muscles). For these purposes, high cooperativity of response to 
the change in external conditions and developed internal microstructure of the gels is required. Interest in 
the behavior of biopolymer gels and networks has grown significantly over the past decades. The various 
water-soluble polymers that can be used for membrane formation are also discussed at length.  
  Up to now, various novel membrane materials and systems have been designed and developed. 
Worldwide, considerable effort is being deployed to develop biopolymer membrane materials. The 
technological benefits of such membrane materials and systems have begun to be identified and 
demonstrators are under construction for a wide range of applications from controlled drug delivery, to 
chemical separation, to water treatment, to bio-separation, to chemical sensors, to chemical valves, to 
tissue engineering, etc. In the field of biopolymer membrane materials and systems, the following two 
topics will be the main focus of research in the future. One is the development of novel and efficient 
biopolymer membrane materials and the other is the enhancement of biopolymer membrane processes 
[7].  
    
 
Fig. 1. Models of conformational transition of κ-carrageenan and ι-carrageenan 
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 Carrageenans are large, highly flexible molecules that curl forming helical structures. They are widely 
used in the food and other industries as thickening and stabilizing agents. Carrageenans consist of 
alternating copolymers of α-(1→3)-D-galactose and β-(1→4)-3,6-anhydro-D- or L-galactose. Several 
isomers of carrageenan are known as kappa, iota, and lambda-carrageenan, and they differ in the number 
and position of the ester sulfate groups on the repeating galactose units. κ-Carrageenan has only one 
negative charge per disaccharides with a tendency of forming a strong and rigid gel. The gelling power of 
κ-carrageenans imparts excellent film forming properties, and additionally forms a firm gel with 
potassium ions. Hot solutions of κ-carrageenans set when cooled below the gel point, which is between 
30Ԩ and 70Ԩ, depending on the cations and other ingredients present, to form a range of gel textures. The 
two-step gel mechanism is shown in Fig.1, with stage B phase being elastic (iota) and stage C phase being 
brittle (kappa). 
 
Fig. 2. The gelation mechanism of κ-carrageenan crosslinked by K+ ions 
 κ-Carrageenan selects potassium ions to stabilize the junction zones within the characteristically firm, 
brittle gel. Potassium ions counter sulphate charges without sterically hindering close approach and 
double helix formation (Fig.2) [8-14]. Pullulan is an extracellular glucan elaborated by a fungus of the 
genus Aureobasidium, commonly called ‘black yeast’. The structure of pullulan is a linear glucan 
consisting of repeating units of maltotriose joined by α-D-(1→6) linkages. The safety of pullulan in foods 
is supported by its chemical composition, the purity of the final product, a series of toxicological studies 
and the fact that it has a long history of use of about 30 years as a food ingredient in human foods in 
Japan [15-17]. Recently, the demand of pullulan has rapidly increased for films and hard capsules, and its 
use in these fields is expected to grow [18-19]. The major interest in pullulan relies on its capacity to form 
strong resilient films and fibers [20]. Pullulan could be used on its own or combined with other thickeners 
or gelling agents. The stringiness of pullulan may be a disadvantage for some applications, but this can be 
prevented by adding a small amount of another polysaccharide such as carrageenan or xanthan gum [21]. 
Combinations of κ-carrageenan and pullulan give gel strengths and elasticity intermediate to the two 
extremes and in line with the ratio used (Fig.3). 
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Fig. 3. Schematic representation of composite κ-carrageenan-pullulan chains. 
This study successfully demonstrated the novel function of polysaccharides (κ-carrageenan and 
pullulan) in membrane formation and molecular size screening effect. The κ-carrageenan mass fraction 
(FC) was a key factor to determine membrane character not only on mechanical strength but also on 
selected molecular mass transfer. 
2. Materials 
Pullulan was provided by Hayashibara Biochemical Laboratory (Okayama, Japan). κ-carrageenan and 
glutaraldehyde were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Urea (MW 
60Da), Glucose (MW 180Da), Methyl Orange (MW 327.34Da), and Bordeaux S (MW604.48Da) were 
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Brilliant Blue (MW 826.0Da) was 
purchased from Sigma Chemical Co. (Perth, WA). Indigo Carmine (MW 466.37Da) was purchased from 
Kokusan Chemical Works, Ltd. (Tokyo, Japan). 
3. Experimental 
3.1. Membrane Preparation 
κ-Carrageenan and pullulan powders were dissolved in distilled water (70°C) using a magnetic stirrer 
to prepare film-forming solutions of various blend-weight ratios. All polymer solutions were prepared 
based on 3 g total polymer weight dissolved in 97g of distilled water at 70°C for one hour. In addition, 
each was stirred for one hour at 70°C with concentration preparation of glutaraldehyde [22] (30 ~ 
130mM) was added. The polymer solutions were then cast 20g onto for each petri dish, followed by 
drying in an electrical blast-drying chest at 65°C for 24 hours. Potassium chloride solution was introduced 
into the dried membranes (attached to the petri dishes) [23] (0.1 ~ 1.0M) for 24 hours. The swollen 
membrane was spontaneously peeled from the petri dish at 25 ± 1°C and washed by pure water cleanly 
for further testing. Membrane samples were tested in triplicate. 
3.2. Measurement of membranes’ mechanical properties 
 A rheometer (CR-DX500, Sun Scientifi c Co., Ltd., Tokyo, Japan) was used to determine the tensile 
strength and the percentage elongation at break. Three rectangular-strip specimens (10 mm wide, 40 mm 
long) were cut from each membrane for tensile testing. The initial grip separation was set to 20 mm, and 
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the crosshead speed was set to 1 mm/s. The initial membrane thickness was measured using a micrometer 
(Mitutoyo, Kanagawa, Japan). The average thickness of the membrane strip was used to estimate the 
initial cross-sectional area of the membrane sample. Maximum Stress (σ) (MPa) was calculated by 
dividing the maximum load (N) by the cross-sectional area (m2):                                                                                   
V  P
(b u d)                                                                                                                                                                                       (1) 
 
where P is the maximum load (N), b is the width of sample (m), and d is the membrane thickness (m). 
Maximum Strain (λ) (%) was calculated as follows: 
 
O  (L  L0)
(L0)
u100%                                                                                                                                                                      (2) 
where L0 is the original length of sample before deformation and L is the final length of sample at break 
[24]. 
       We set the concentration of glutaraldehyde and potassium chloride-immersion condition at 90mM 
and 0.7M, respectively. Figure 4 represents the effect of FC values on membrane mechanical strength. 
The maximum stress linearly increased with proportional to FC values, and the maximum strain was 
appeared at 35%. 
 
 
Fig. 4. Effect of FC on the maximum stress and the strain of pullulan-κ-carrageenan composite membrane. The concentration of GA 
and KCl were set at 90mM and 0.7M, respectively 
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3.3.  Scanning Electron Microscopy (SEM) 
The membranes were snapped under liquid nitrogen then dried in a vacuum freeze dryer (RLE-103, 
Kyowa Vacuum Engineering. Co., Ltd., Tokyo, Japan) (298 K) for 24 hours. The membranes were then 
sputter coated with a thin film of Pt, using a sputter-coater (E-1010 Ion Sputter, Hitachi, Ltd., Tokyo, 
Japan). Images of cross sections of the membranes were obtained using a scanning electron microscope 
(Miniscope TM-1000, Hitachi, Ltd.,).  
 
 
Fig. 5. SEM images of cross-section of κ-carrageenan-pullulan composite membrane 
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3.4. Molecular-Recognizable Membranes 
Molecular diffusion experiments were used a mass transfer set-up (Fig.6). The κ-carrageenan/pullulan 
composite membrane was sandwiched between the two halves of the glass made diffusion cell. The 
diffusion area was 24cm2. One of the diffusion cell was filled with 190 cm3 of water-soluble solution 
(1mM) in distilled water, while the other diffusion cell received 190 cm3 of distilled water. The diffusion 
of solutes through the membrane was monitored by periodically removing 1cm3 samples from both
diffusion cells and determining the tested solute in the stripping side samples as detailed below. A 
maximum of 8 samples were withdrawn in the course of an experimental run, which lasted about 12 h. 
The corresponding changes in solution volumes within the diffusion vessel did not exceed 5%. The 
schematic mass transfer model was shown in Fig.6. 
 
 
Fig. 6. Schematic diagram of the mass-transfer setup in our experiment    
It is supposed that since the concentrations in the two diffusion cells were uniform, the mass-transfer 
flux was so small that the diffusion process can be regarded as a quasi-steady state. Accordingly, we can 
use Eqs. (3) and (4) to calculate the effective diffusion coefficients.  
 
ln 1 2Cs
Cf
§
©
¨¨
·
¹
¸¸ 2 AV KOLt
                                            (3) 
 
KOL
1  kL11  km1  kL21                                 (4) 
     The mass-transfer resistances kL1−1 and kL2−1 in the overall mass transfer resistance KOL−1 can be 
neglected because of the sufficiently turbulent conditions in the two diffusion cells during the experiment. 
KOL−1 did not depend on the stirring rate, therefore it directly indicates the membrane mass-transfer 
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coefficient (km= Deff · l−1). The effective diffusion coefficient in the membrane (Deff) was evaluated from 
km. The initial membrane thickness l in the swollen state was measured with a micrometer (Mitutoyo, 
Kanagawa, Japan). 
  The mass-transfer characteristics were evaluated from the effective diffusion coefficient estimated by 
measuring the mass-transfer rate in the composite membrane. Water-soluble components were employed 
to determine the size of the transfer channel in the membrane. The reference molecular size was from 60 
to 1017Da indicating Urea, Glucose, Methyl Orange, Indigo Carmine, Bordeaux S, Brilliant Blue and 
Rose Bengal (Table 3). The diffusion coefficient (DW) in bulk aqueous phase was estimated by Wilke & 
Chang’s correlation. The effective diffusion coefficient in the membrane (Deff ) was lower than DW, due to 
diffusion channels in the composite membranes (Fig.7).  
 The effective diffusion coefficient in the membrane (Deff) dramatically changed, ranging within 
molecular weight by 15000-fold in a case where molecular weight only changed by 17-fold. The effective 
diffusion coefficients of the components of lower molecular weight strongly depended on the κ-
carrageenan fraction FC. As it appears, Deff evidently decayed under lower FC conditions. The large 
dependence of Deff on the FC value suggests that the polymer frame-works become denser under lower FC 
conditions. In addition, the steep change of the effective diffusion coefficient between Methyl Orange and 
Indigo Carmine in the each types of composite membrane was appeared. Authors therefore assumed that 
the size of the mass transfer channel was almost equivalent to molecular size (approx.11Հ ) of Methyl 
Orange, and it was suggested that mass transfer channel size was monodispersity 
 
 
Fig. 7. Effect of molecular weight on the effective diffusion coefficient of a κ-carrageenan/pullulan composite membrane 
3.5. Water permeability 
A pure water permeability experiment used a filtration cell (UHP-62K, ADVANTEC, Ltd., Japan) had 
a volume of 200mL and effective filtration area of 21cm2. A magnetic stirring bar was installed in the 
membranes upper surface. The filtration cell was employed for both constant flux and constant pressure 
filtration. For operation in constant flux mode, a nitrogenous gas pump was connected to the inlet of the 
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filtration cell, and piped the permeation water from the outlet. A pressure transducer was installed 
between the filtration cell and the pump in order to monitor the variation in applied pressure during 
filtration. The weight of the filtration water was logged by electronic balance. The schematic 
representation of module and set-up are shown in Fig.8. On the chapter, pure water permeability 
experiment was measured at different pressure and using the eq.5: 
 
JV  VPA't                                        (5) 
where JV is the water flux [m3 · m− 2· s− 1], Vp is the volumetric amount of permeated water [m3], A is 
the membrane area [m2], l is the membrane thickness [m], and Δt is the sampling time [s]. 
 The apparent rejection of dye molecules, R is defined by: 
 
R []  1 Cp
Cf
§
©
¨¨
·
¹
¸¸                                     (6) 
 
where Cp is the concentration of permeate and Cf is the concentration of dye solutions. 
 
 
Fig. 8. Schematic diagram of filtration cell used to measure steady pure-water permeability through the membranes 
The pure-water flux as a function of applied pressure was measured to investigate the stability and 
hydraulic properties of biopolymer membranes. In Fig.9, the water flux and water content increased 
linearly with increasing the FC values. In general, higher water content membrane performed higher water 
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flux. The water flux of composite membrane agreed with it. The mass fraction of κ-carrageenan linearly 
regulated both water permeate flux and water content. 
 
 
Fig. 9. Change of the water flux (150KPa, 298K) and the water content of the membrane with regulated FC values 
3.6. Obtaining the selectivity curve and molecular weight cutoff 
The selectivity of a membrane is usually represented by its molecular weigh cutoff [25]. This is 
defined as the minimum molar mass of a test solute that is 90% retained (or 95% depending on the 
manufacturer) by the membrane. It is thus determined experimentally from a plot of the variation of the 
retention rate for tracer molecules according to their molar mass.  
Fig.10 shows the effect of FC values on the molecular weight cut-off on the κ-carrageenan/pullulan 
membranes. With the increase in FC values, the molecular weight cut-off and the flux of κ-
carrageenan/pullulan membranes increased. It was found that molecular-cut-off values of FC0.33 
membrane and FC0.66 membrane performed the results of 327Da (10.6Հ ) and 466Da (11.9Հ ) 
respectively. For high-molecular-weight dyes above 604Da retention amounted to 96–98%. 
 
 
Fig. 10. The selective curve of κ-carrageenan/pullulan membrane for dye molecules. (a): FC0.33 membrane, (b): FC0.66 membrane 
4. Conclusions 
Biopolymer κ-carrageenan-pullulan composite membrane was successfully prepared by the casting 
method. It has the sufficient mechanical strength enough for a practical use and the excellent mass 
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transfer character especially on molecular size screening (60Da ~ 1017Da). The relationship between 
mass transfer character and the mass fraction of κ-carrageenan in the composite membrane was 
formulated based on the experiments of mass-transfer flux and pure water flux. The results provided a 
novel and simple method of preparation membrane and the size of mass-transfer channel based on 
molecular-size indicators, and suggested that different FC values significantly affect the mass-transfer 
permeability. The water permeation flux as a function of applied pressure provided valuable technical 
information for investigating the stability and hydraulic properties of the composite membranes. κ-
Carrageenan-pullulan composite membrane possessing a cross-linked hydrophilic structure performed 
high selectivity and high water flux. Thus, the mechanism of mass-transfer investigations is very 
informative for the study and analysis of composite membrane. 
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Nomenclature 
 
A       Area of membrane [m2]. 
Cf       Initial concentration of feed solution [M].  
Cs      Concentration of stripping solution [M]. 
Dw     Diffusion coefficient in bulk aqueous phase [m·s-2]. 
Deff    Effective diffusion coefficient [m·s-2]. 
JV      Water-permeated flux [m3·m-2·s-1]. 
KOL    Overall mass-transfer coefficient [m·s-1]. 
KOL-1  Overall mass transfer resistance [(m·s-1)-1]. 
km      Membrane mass-transfer coefficient [m·s-1]. 
kL1     Membrane mass-transfer coefficient in feed phase [m·s-1]. 
kL2     Membrane mass-transfer coefficient in stripping phase [m·s-1]. 
l        Membrane thickness [m]. 
ΔP    Operational pressure [kPa]. 
Δt     Time [s]. 
V      Volume of aqueous solution in the transfer cell [m3]. 
Wt     Total water content ratio [%] 
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